I. INTRODUCTION
Since the advent of large-scale integration, there has been an expanding interest in the development and production of devices with features in the submicron range. Electron-beam lithography has exhibited a capability for producing features below .L11m. 1-4Because of the slow throughput 10 .
and high expense of such techniques, x-ray lithography has become a prime candidate for the repeated production of submicron devices utilizing electron-beam techniques to generate the necessary masks.
For x-ray lithography to be competitive, high resolution and fast throughput at low cost are required. Thus, quick exposures (on the order of minutes) and soft x rays (wavelengths greater than 5 A.) are desired. Wavelengths in the 5-15-A. range have been used with good success at low cost.>' It has been pointed out, however, that to optimize resolution a carbon K x-ray source would be ideal. The resolution attainable is expected to be on the order of 50 A.,9the 'range of the photoelectrons in the resist.
It is suggested here that a single-crystal diamond would be a suitable anode target for x-ray lithography. The two factors of interest in determining the suitability of such a target are the amount of power the target can absorb without destruction (by evaporation, mechanical failure, etc.) and the efficiency' with which x rays are produced by the target. A quantitative analysis of these two factors follows.
II. POWER DISSIPATION IN CARBON TARGETS
The amount of power that can be dissipated in an x-ray target is a function of its thermal conductivity, its maximum operating temperature, and its tensile fracture strength. Diamond immediately appears ideal since its room-temperature thermal conductivity is a factor of 3.4 higher than copper and a factor of 10.5 higher than ATJ graphite." Graphite, however, has the higher maximum operating temperature. The graphite sublimation temperature is 3925 K, while diamond transforms rapidly to graphite at temperatures greater than about 1800 K. 11The tensile fracture strength of diamond is 220 times greater than A TJ graphite, and, as a result, a substantially thinner diamond anode can be utilized. Moreover, 
3273 Graphite (9) Here Wis the powerinto the target, a is the target radius, Lis its thickness, 8 is the Gaussian radius of the electron beam.Z, is the Bessel function of the first kind and order zero, and A, n are the zeros of J~. We also have, from our substitution,
where T F is the temperature at the center of the electron beam (the hottest point) and To is the temperature of the cooling bath. Table I shows that even with its significantly higher operating temperature, AT] graphite has a significantly lower operating power than the type lIb diamond of equal thickness. The limiting temperature chosen for diamond is based on the need to avoid too rapid graphitization, while that for graphite is to avoid too rapid sublimation. The strength of the anode material determines the minimum allowable thickness.
We consider the anode with cooling water at a pressure of approximately 1 bar on one side and vacuum on the other to be a uniformly loaded circular plate supported at r=0.25 P is the uniform load or pressure on the plate, a is the radius, L is the thickness, and v is the Poisson's ratio of the plate. For ATJ graphite, the tensile fracture stress is only 20-50 bar; stress calculations show that a thickness of 0.1 em is required. For diamond, the tensile fracture stress is 11 kbar; stress calculations show that a thickness of 0.01 em should suffice. Thus, from Table I , we see that the allowable power input for type lIb diamond is 15.4 times better than graphite. The problem of carrying away the heat at the back of the anode was considered in detail. It appears to be possible when the power input is as high as 6.5 kW, but actual experimentation will be necessary. There are various phenomena that could be used to increase the heat-transfer rate if needed, including boiling, the presence of an ultrasonic field, the presence of an electrostatic field, and forced vortex effects. 16 Thus, static diamond anodes could be used at very high power inputs! Even the use of a rotating-anode system results in only a factor-of-7 improvement for graphite. 17 Here we have assumed an effective constant value for K, the use of the Rigaku RU-200 PL rotating-anode x-ray system, a target diameter of 10 em, and a rotational velocity of 2500 rev/min. The effective constant value for K was calculated assuming it to be independent of temperature and using Eq. (12) to determine K when the power input is 427 Wand the thickness is 0.1 em (see Table I ). The allowable power is roughly proportional to the square root of the product of the target diameter and the rotational velocity. So a factor-of-2 improvement in each would be required to obtain a power level commensurate with a stationary diamond anode 0.01 em thick.
III. EXPOSURE OF PMMA BY CARBON KX RAYS
The exposure of x-ray resists is solely dependent on the energy density absorbed, E, from the incident x-ray beam. E is a function of the quantum yield for K production, the operating voltage, the power into the target, the physical dimensions of the system, and the x-ray absorption in the mask support and any windows. Greeneich" has determined the form of this function optimized for K production:
where h is Planck's constant, c is the speed oflight (hc= 12.40keV A), r is the exposure time (sec),A is the x-ray wavelength (A), D is the anode-to-substrate distance (ern), W is the total power into the anode (W), Jl r ,Jl m' and Jl ware the linear absorption coefficients (em:') for the resist, mask, and window, respectively, t m and t ware the thicknesses (ern) of the mask and window, respectively; the second term in parentheses is in units of (kev'). Equation (16) A). The linear absorption coefficients for Mylar (C502H.; p= 1.39 g/cm') and PMMA (C5Hs02,p= 1.2 g/cm') can be calculated for this wavelength from existent data" and are found to be 4.89X 10 3 and 4.07X 10 3 em", respectively. Thus, for carbon K x rays, Eq. (16) (18) where the optimum operating voltage from Eq. (17) is 6.0S kV, and a Mylar mask 2.5 Jlm thick is used. For an exposure of lS00 Jz'cm' with D=2.S4 em, W=6S71 W, and a collodion window" (carbon K transmission =O.72), we find the necessary exposure time r=67 sec (1.1 min). It is interesting to compare this with the exposure time of 240 min found necessary by Sullivan and McCoy21 using an aluminum x-ray target (A. = 8.34 A) for the same physical conditions stated above (mask to substrate is SJlm, anode to substrate is 2.S4 ern). We are limited by the physical geometry of the exposure system to a resolution ofO.2Jlm due to the penumbral blurring. Note that this blurring varies inversely with D. If we increase 1) to 20 em, the exposure time is 69 min and the penumbral-blurring-resolution is 2S0 A. As a final comparison with aluminum x-ray sources, Feder et al? found that for 1000 A lines using 1000 A of gold as the absorber, the resulting contrast was very low, only 2: 1. Using carbon sources, the contrast is 20 : 1 and 4 : 1 for 1000-and soo-A lines, respectively. This is well within the capability ofPMMA, where a contrast of 3 : 1 is considered sufficient. S
IV. CONCLUSIONS
We have seen that an x-ray lithographic system using diamond as the x-ray source is quite feasible. Relatively short exposure times are possible with excellent resolution. Additionally, with optimum quantum yield for K production at 6.0S kV from Eq. (17), the continuous spectrum is kept at a minimum, improving ultimate contrast. However, we are limited by the rarity of type lIb diamonds, the small target size, and the high electron-beam current densities needed to achieve the desired power levels. Sources capable of producing a current of 1 A on an area of about 1 mm-at 6. S kV are theoretically possible, but, to our knowledge, are not commercially available at this time. In conclusion, diamond is a very attractive x-ray source and opens up possibilities for the large-scale production of submicron devices.
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